Reinforcement with bioresorbable polymer such as PLGA is one of the useful ways to improve the mechanical property of brittle carbonate apatite (CO 3 Ap) foam. In the present study, CO 3 Ap foam was reinforced with various concentrations of PLGA solution (5, 10, 15 and 20 wt%) using vacuum infiltration method and its influence on structure, porosity and mechanical property was investigated. It was found that the amount of PLGA inside the hollow space of the CO 3 Ap foam strut increased with the concentration of PLGA. Porosity likewise was significantly (p<0.05) reduced from 94% (CO 3 Ap foam without PLGA) down to 82% (CO 3 Ap foam reinforced with 20 wt% PLGA). Compressive strength of CO 3 Ap foam significantly (p<0.05) increased from 0.02 MPa (CO 3 Ap foam without PLGA) up to 1.5 MPa (CO 3 Ap foam reinforced with 20 wt% PLGA).
INTRODUCTION
According to studies of biological apatite, bone apatite is not pure hydroxyapatite (HAp) but contains about 3-8 wt% carbonate ions (CO 3 2− ) [1] [2] [3] , hence should be rightfully called carbonate apatite (CO3Ap). Furthermore, osteoclasts have been shown to resorb CO3Ap and then osteoblasts form new bone based on process similar to bone remodeling 4, 5) . Introduction of the cells interior to CO3Ap is therefore the key for quick replacement of CO3Ap to bone.
It is known that cancellous bone is remodeled to new bone ten times faster than cortical bone 6, 7) . One of the major differences between the cancellous bone and cortical bone is interconnecting porous structure. Cortical bone is dense whereas cancellous bone has interconnecting porous structure, which permits cell penetration, vascularization and tissue ingrowth. CO 3Ap with interconnecting porous structure similar to the cancellous bone is therefore a prime candidate as bone replacement material.
CO 3Ap foam, which approximated the fully interconnecting porous structure and inorganic composition of the bone, was fabricated based on dissolution-precipitation reaction using precursor with similar interconnecting porous structure 8, 9) . For example, alpha tricalcium phosphate (αTCP) foam was fabricated as the precursor using the reticulated foam replication method 10) . The precursor αTCP foam was immersed in carbonate salt solution to transform its composition to CO 3Ap based on dissolution-precipitation reaction without changing its interconnecting porous structures. Although the CO 3Ap foam approximated the fully interconnecting porous structure and inorganic composition of bone, it suffered from poor mechanical property and brittleness.
Cancellous bone and CO 3Ap foam differs in the presence of collagen. Bone is known as a composite of CO 3Ap and collagen and this demonstrates excellent mechanical property including elasticity. In fact, a bone disorder known as osteogenesis imperfecta, exhibits brittle bone caused by small amount of collagen. So, reinforcement of CO 3Ap with organic material must be the key to fabricate CO3Ap foam that is closer to cancellous bone. It should be emphasized that the CO 3Ap foam was prepared using the reticulated foam replication method because this is the best way to obtain full three-dimensional interconnecting porous structure when compared to other methods such as gel casting [11] [12] [13] and porogen method [14] [15] [16] . This technique involves coating a template made of reticulated polyurethane foam (RPF) with ceramics slurry. It is then heated at high temperature to burn out the RPF template and to sinter the ceramic slurry simultaneously. After pyrolysis of the RPF template, a triangular-shaped hollow space is left at the interior of the sintered ceramic foam strut. These hollow spaces in the strut make the CO 3Ap foam weak and brittle.
Based on the role of organic material in providing strength to the bone, bioresorbable polymers are good candidates to strengthen porous ceramics for bone substitution such as the CO 3Ap foam. Among these bioresorbable polymers, poly(lactic-co-glycolic acid) (PLGA) is a good choice for strengthening the ceramics materials. PLGA is biocompatible, mostly non-inflammatory and it degrades and removed from the body through normal metabolic pathways 17) . This material has been studied extensively and has been approved for clinical use by the US Food and Drug Administration (USFDA) and Japan Pharmaceutical and Medical Devices Agency (JPMDA).
When these polymers are used, the calcium phosphate scaffolds are usually immersed into the polymer solution to allow proper coating. For instance, Miao et al. reported the coating of hydroxyapatite/ tricalcium phosphate (HAp/TCP) scaffold with PLGA by immersing the scaffold into the polymer solution 18) . Although the mechanical strength of the HAp/TCP scaffold was improved, it was thought however that immersion technique might not be enough for the effective reinforcement of polymer into the scaffold. Since the scaffolds have many microporous structures, air contained inside the micropores might hinder the effective penetration of the polymer solution. So, in our previous study, we investigated the effects of polymer reinforcement methods for CO 3Ap foam 19) . In short, CO3Ap foam was reinforced with PLGA by immersion and vacuum infiltration methods. For immersion method, the CO 3Ap foam was simply immersed in the PLGA solution while for vacuum infiltration method, the CO3Ap foam was degassed prior to PLGA infiltration. Employing both methods significantly improved the mechanical property of CO 3Ap foam. However, when the CO3Ap foam reinforced with PLGA using the two methods were compared with respect to mechanical property, CO 3Ap foam reinforced with PLGA by vacuum infiltration showed significantly higher mechanical property than CO 3Ap foam that was simply immersed in the PLGA solution. It was found out that when vacuum infiltration was employed, the PLGA solution penetrated effectively into the CO 3Ap foam strut. The effective penetration of PLGA solution into the CO 3Ap foam strut was due to degassing of the CO3Ap foam before the PLGA solution was allowed to infiltrate. As aforementioned, the CO3Ap foam strut has hollow space previously occupied by the RPF template. In addition, spaces between the CO 3Ap crystal granules also existed. These micropores and hollow spaces had air in it that could prevent penetration of the PLGA solution. Because the CO 3Ap foam was initially degassed prior to PLGA reinforcement, the micropores became free of air so it was penetrated by the PLGA solution effectively. In short, PLGA penetrated effectively into the strut and into the hollow space creating a strong interfacial bonding between the PLGA and CO 3Ap foam. Strong interfacial bonding was therefore the key for the effective reinforcement of PLGA into the CO 3Ap foam.
Aside from the reinforcement methods, the concentration of PLGA solution may also affect its interpenetration into the CO 3Ap foam strut. For instance, higher concentration of PLGA may result to a more viscous PLGA solution so it may be difficult to penetrate into the CO 3Ap foam strut. It should be noted that effective penetration of PLGA into CO3Ap foam strut was the key for the effective reinforcement of PLGA. And effective penetration could be achieved if the PLGA solution could flow easily into the CO 3Ap foam strut. From the result of our previous study, 10 wt% PLGA solution was able to penetrate the CO 3Ap foam strut resulting to significant improvement of the mechanical property of CO 3Ap foam.
In this work, various concentrations of PLGA (5, 10, 15 and 20 wt%) were reinforced into the CO 3Ap foam by vacuum infiltration method to investigate the influence of PLGA concentrations on structural and mechanical property of CO 3Ap foam.
MATERIALS AND METHODS

Preparation of CO3Ap foam
CO3Ap foam was prepared as previously described 8, 9) . Briefly, RPF templates (HR-20D, Bridgestone Corp., Tokyo, Japan) with approximate pore size diameter of 1 mm were dipped into αTCP slurry (αTCP-B, Taiheh Chemicals Inc., Osaka, Japan) and pressed between two glass slabs to homogenize the coating and to remove excess slurry. The coated RPF templates were dried at 60ºC overnight in a dry-heat oven and sintered using an electric furnace (SBV1515D, Motoyama Inc., Osaka, Japan). Heating rate was adjusted in three stages. From 30ºC-400ºC, the foam was heated at 1ºC/min to allow the complete burn out of the RPF template and to minimize damage to the coated αTCP slurry due to burning out of RPF template. Then, heating rate was adjusted to 5ºC/min until 1,500ºC. The specimens were kept at 1,500ºC for 5 h then cooled down inside the furnace until room temperature. The αTCP foam thus prepared was placed in a Teflon container containing 30 mL of 4 mol/L ammonium carbonate (NH 4)2CO3 (Wako Chemicals Inc., Tokyo, Japan) solution for the conversion of αTCP foam to CO 3Ap foam. The Teflon container was encased tightly in a 5 mm-thick stainless steel hydrothermal jacket (Shikoku Rika Co., Ltd., Kochi, Japan) and kept at 150ºC for 24 h in a dry-heat oven. After the hydrothermal treatment, the specimens were washed thoroughly with distilled water and dried at 60ºC overnight.
Reinforcement of CO 3Ap foam with PLGA
PLGA obtained commercially (Sigma-Aldrich, St. Louis, MO., USA) (mol.wt. 66,000-107,000, 75:25 lactide to glycolide ratio) was dissolved in dichloromethane so that the PLGA concentrations were 5, 10, 15, and 20 wt% respectively. To coat the CO 3Ap foam with PLGA using vacuum infiltration, PLGA solution (4 mL) was poured in a glass tube and frozen in liquid nitrogen. The CO 3Ap foam was placed on top of the frozen PLGA solution and degassed using a vacuum pump for 5 min while the PLGA solution was kept frozen by liquid nitrogen. After degassing for 5 min, the glass tube was closed to the vacuum pump then the frozen PLGA solution was allowed to melt by removing the liquid nitrogen from the glass tube. When the CO 3Ap foam was completely submerged to the melted PLGA solution, the glass tube was brought back to normal atmospheric pressure to allow the penetration of PLGA into the CO 3Ap foam. Normal atmospheric pressure was maintained for 10 min. After taking out from the PLGA solution, the CO 3Ap foam was blotted with highly absorbent paper and blown with compressed air to remove excess PLGA solution. For drying and solvent evaporation, the PLGA reinforced CO 3Ap foams were kept in a vacuum oven (AVO-250N, As One Corp., Osaka, Japan) at 37ºC for 1 week. For simplicity in the following text, the original or unreinforced CO 3Ap respectively.
Scanning electron microscopy observation
Microscopic structures of the specimens were observed by scanning electron microscope (SEM) (S-3400N, Hitachi High-Technologies Corp., Tokyo, Japan) after sputter coating with gold-palladium.
Mechanical strength evaluation
Mechanical strength of the specimens was evaluated in terms of compressive strength. After measuring the area of the foams using a digital micrometer (IP65, Mitutoyo Co., Ltd., Kanagawa, Japan), each specimen was positioned parallel to the floor and crashed vertically at a crosshead speed of 1 mm/min using a table-mount universal testing machine (Autograph AGS-J, Shimadzu Corp., Kyoto, Japan). The compressive strength value was determined from the average of at least 8 specimens. Stress-strain curve was recorded using data processing software (Trapezium Lite, Shimadzu Corp).
Measurement of foam's porosity and amount of reinforced PLGA
Porosity of the foam was calculated from the bulk and theoretical density of CO 3Ap foam and PLGA reinforced CO3Ap foam and expressed in percentage as shown in equation (1) Porosity=100×(dCO 3Ap−dCO3Ap foam)/dCO3Ap (1)
Where dCO 3Ap foam and dCO3Ap were the bulk density and theoretical density of CO3Ap, respectively. The bulk density of the specimen was determined from its weight and volume. Theoretical density of the specimen likewise was determined using pycnometer at room temperature. Amount of PLGA in the CO 3Ap foam after drying was calculated from the weight differences of the CO3Ap foam before and after PLGA reinforcement and expressed in weight percentage as shown in equation (2) PLGA wt%=100×Wa(CO 3Ap foam)
where Wb(CO 3Ap foam) and Wa(CO3Ap foam) were the weights of the CO3Ap foam before and after PLGA reinforcement, respectively. Figure 3 shows the cross section view of the foam strut. PLGA was observed inside the hollow space of CO3Ap foam except for (a) (0) CO3Ap foam and the amount of PLGA inside the hollow space increased with the PLGA concentration. Figure 4 shows the interface between the PLGA and CO 3Ap foam. No space or gap could be observed between the PLGA and CO3Ap foam (indicated by white arrows) demonstrating a strong interface between the PLGA and CO 3Ap foam regardless of the concentration of PLGA. Table 1 summarizes the porosity CO3Ap foam before and after reinforcement with various concentrations of PLGA. Porosity of CO 3Ap foam decreased along the increase of PLGA concentration used for reinforcement. Figure 5 shows the typical stress-strain curve of CO 3Ap foam as a function of PLGA concentration. CO3Ap foam showed brittle nature typical for porous ceramic with the lowest breaking point. Breaking point of CO 3Ap foam became higher after PLGA reinforcement and the value increased with PLGA concentration. Figure 6 shows the compressive strength of CO 3Ap foam as a function of PLGA concentration used for reinforcement. Significant improvement (p<0.05) in compressive strength was obtained for CO 3Ap foam after PLGA reinforcement. Increase in compressive strength was in the order of (5) Figure 7 shows the correlation between the amount of PLGA that was incorporated in the CO 3Ap foam and porosity of CO3Ap foam as a function of PLGA concentration used for reinforcement. Interestingly, the amount of incorporated PLGA was not proportional to the PLGA concentrations used for reinforcement. 
RESULTS
DISCUSSION
Regardless of the PLGA concentrations used for reinforcement, the full interconnecting porous structure of the original CO 3Ap foam was basically kept (Fig.  1) , even though some of the macropores were clogged with PLGA when concentrated PLGA was used for reinforcement. Clogging of the pores may be one of the reasons why the amount of the PLGA incorporated in CO 3Ap foam was not proportional to the concentration of PLGA (Fig. 7) . It should be noted that (20) CO3Ap foam still demonstrated full interconnecting structure even though clogged pores were observed. This may be due to the interconnection to the other pores. Ideally, PLGA is expected to be located only inside the hollow space of the strut so that osteoconductivity of the CO 3Ap could be fully kept. Unfortunately PLGA was observed not only inside the strut hollow space but also on the surface of the strut. And the amount of PLGA on the surface of the strut increased with PLGA concentration. In this study, excess PLGA was removed by compressed air. Obviously, this method was not enough for the complete removal of excess PLGA especially when the PLGA concentration was high. Spray of the solvent may be useful for further removal of excess PLGA since compressed air blow resulted in vaporization of the solvent and resulted in more concentrated and thus more viscous PLGA. Concentrated PLGA with higher viscosity was thought not suitable for the reinforcement since viscous PLGA is more difficult to penetrate the interior of the strut. However, cross-sectional observation of the strut revealed that PLGA could be infiltrated efficiently into the strut hollow space even though the PLGA concentration was as high as 20%. As shown in Fig. 4 , no space or gap was observed at the interface between the PLGA and CO 3Ap foam regardless of the PLGA concentration used for reinforcement. Moreover, amount of the PLGA inside the strut hollow space increased with the PLGA concentration. In other words, PLGA solution can be interpenetrated into the strut hollow space with vacuum infiltration method regardless of its viscosity at least when PLGA concentration is 20 wt% or smaller. After the introduction of PLGA solution into strut hollow space, the solvent will be evaporated and PLGA will be left inside the strut hollow space. Of course amount of the PLGA inside the strut depends on the PLGA concentration used for reinforcement. In other words, if higher concentration of PLGA is used for reinforcement, more PLGA will be introduced inside the strut hollow space (Fig. 3) . And introduction of PLGA changed the mechanical property of CO 3Ap foam dramatically.
Compressive strength and mechanical behavior PLGA reinforced CO 3Ap foam The significant improvement of the compressive strength of CO 3Ap foam after reinforcement with PLGA could be analysed through the stress-strain curve shown in Fig. 5 . CO 3Ap foam was brittle and its mechanical property was low. In other words, when load was applied to CO 3Ap foam it was crushed suddenly in a brittle manner due to rapid crack propagation. However, when CO 3Ap foam was reinforced with PLGA, the brittle nature of CO3Ap foam changed from brittle to become partially elastic and the breaking point became higher. Obviously, this partial elasticity was caused by the penetration of PLGA, which is elastic by nature into the CO 3Ap foam strut. When load was applied to the CO3Ap foam reinforced with PLGA, the penetrated PLGA was able to support the CO3Ap foam strut. In short, the penetrated PLGA was able to stretch out and hold the crack-laden strut from total disintegration or collapse. Figure 8 may be useful to understand the effect of penetrated PLGA on compressive strength. In this figure, the compressive strength was plotted against the amount of incorporated PLGA in CO 3Ap foam. It clearly showed that compressive strength of CO 3Ap foam increased linearly with the incorporated PLGA. In other words, the mechanical property of CO 3Ap foam reinforced with PLGA was governed only by the penetrated PLGA. These results were obtained since mechanical property of PLGA is much higher than CO 3Ap foam. Thus, contribution of CO3Ap to the mechanical property is negligible for PLGA reinforced CO 3Ap foam.
It should be noted that the mechanical property of PLGA reinforced CO 3Ap foam was high enough even for (5) CO3Ap foam and (10) CO3Ap foam. CO3Ap foam cannot be used for load-bearing areas. Therefore, its use is limited to non-load bearing areas. Although fully interconnected porous structures, good compressive strength and some elastic properties are thought to be ideal for the use of PLGA reinforced CO 3Ap foam for the reconstruction of bone defects, its tissue response is still unknown. Therefore, histological study is awaited based on the results obtained in the present study.
CONCLUSION
The result obtained in this study demonstrated clearly that CO3Ap foam reinforced with PLGA could be a useful candidate for bone replacement with respect to structural and mechanical property. Amount of PLGA that penetrated in the CO 3Ap foam was found to be regulated by the PLGA concentration. And the mechanical property of the PLGA reinforced CO 3Ap foam was governed by the amount of the interpenetrated PLGA. Tissue response and osteoconductivity of the PLGA reinforced CO3Ap foam should be evaluated even though PLGA is already used in the clinics as bioresorbable polymer.
